Smad family proteins are identified as intracellular signal mediators of the TGF-β superfamily. In this study, we identified two novel members of the Smad family, termed as AmphiSmad1/5/8 and AmphiSmad4, from Chinese amphioxus. Both AmphiSmad1/5/8 and AmphiSmad4 showed a typical domain structure of Smad proteins consisting of conserved MH1 and MH2 domains. Phylogenetic analysis placed AmphiSmad1/5/8 in the Smad1, 5 and 8 subgroup of the R-Smad subfamily, and AmphiSmad4 in the Co-Smad subfamily. The spatial and temporal gene expression patterns of AmphiSmad1/5/8 and AmphiSmad4 showed that they may be involved in the embryonic development of notochord, myotome and alimentary canal, and may help to establish the specification of dorsal-ventral axis of amphioxus. Moreover, AmphiSmad1/5/8 and AmphiSmad4 showed extensive distribution in all adult tissues examined, suggesting that these two genes may play important roles in the morphogenesis of a variety of tissues especially notochord and gonad. amphioxus, Smad, AmphiSmad1/5/8, AmphiSmad4, expression patterns, organogenesis, dorsal-ventral patterning
Members of the transforming growth factor-β (TGF-β) superfamily regulate organogenesis and pattern formation during early embryogenesis, and in the adult they are involved in processes such as tissue repair and modulation of the immune system [1, 2] . A pivotal role in intracellular TGF-β signaling is played by Smad proteins which directly transmit incoming signals from the cell surface receptors to the nucleus. Smad family proteins were first characterized in the fruit fly Drosophila melanogaster [3, 4] , and then their orthologous proteins were subsequently cloned, and at least eight different kinds of Smad proteins have been identified in mammals [1, 2] . Based on structural and functional properties, Smad proteins are divided into three subfamilies: receptor-regulated Smad (R-Smad: Smad1, Smad2, Smad3, Smad5 and Smad8), common partner Smad (Co-Smad: Smad4), and inhibitory Smad (I-Smad: Smad6 and Smad7) [5] . Different members of the Smad family have different roles in signaling. R-Smad are the direct substrates of activated type I receptors by which they are phosphorylated at a conserved SS(V/M)S motif at their extreme carboxy-terminal end. Among R-Smad, two subgroups have been defined: Smad1, Smad5, and Smad8 transduce signaling by members of the BMP family, while Smad2 and Smad3 are specific for activin and TGF-β proteins. Smad 4 is a common mediator of both pathways, while Smad6 and Smad7 function as signal-ing inhibitors [6, 7] . Smad proteins have two highly conserved domains, the N-terminal MH1 domain and the C-terminal MH2 domain, which are linked by a divergent linker region. The MH1 domain is well conserved between the R-Smad and the Co-Smad, whereas the MH2 domain is highly conserved among all kinds of Smad proteins.
TGF-β signaling pathways have been demonstrated to provide positional information during early embryogenesis in nematodes, insects, and vertebrates. Smad proteins function as signal transducers of TGF-β superfamily in organisms ranging from worms to humans [5, 7, 8] . While important roles of Smad proteins were indicated in early developmental stages, much is still to be learned about their roles in later developmental processes and in the adults [9] [10] [11] .
The cephalochordate amphioxus is widely believed to be the closest living invertebrate relative to vertebrates and a useful animal model for developmental study [12] . However, nothing is known yet about Smad proteins in this evolutionarily important organism. Whether the Smad proteins of amphioxus have the same function as their homologs in vertebrates is also unknown. In this study, we identified two Smad cDNA clones from Chinese amphioxus. Additionally, we investigated their expression patterns in different embryonic stages and in various adult tissues using in situ hybridization and real-time PCR, respectively.
Materials and methods

Specimen collection
Adults of Chinese amphioxus (Branchiostoma belcheri tsingtauense) were collected near Shazikou, Qingdao, China, during the summer breeding season. Matured males and females were spawned in the laboratory. After fertilization, the synchronously developing embryos of various developmental stages were reared in filtered seawater at 25°C, then collected and fixed.
Identification of AmphiSmad1/5/8 and AmphiSmad4
RT-PCR with total RNAs isolated from embryos of different developmental stages was performed with degenerated primers deduced from highly conserved amino acid sequences of Smad1 and Smad4 within the MH1 and MH2 domains. The primers used were 5′-
After an initial denaturation step of 4 min at 94°C, the amplification consisted of 34 cycles of 30 s at 94°C, 30 s at 52°C, 1 min at 72°C, and then a final extension at 72°C for 10 min. PCR products were subcloned into pGEM-T Easy Vector (Promega) and several randomly selected recombinant clones were chosen for sequencing. To obtain the complete sequences, 5′-and 3′-RACE were performed using the GeneRacer Kit (Invitrogen) according to the manufacturer's instructions. The gene-specific primers were designed based on the acquired cDNA fragments of AmphiSmad1/5/8 and AmphiSmad4. The primers used were as follows: 5′ nested primer 5′-GCTTCTTGAC-GAGAGAGTCTACGGC-3′, 5′ primer 5′-TACTAACAC-TGGTGGCAGCACTGG-3′, 3′ primer 5′-GATTCCACCC-CACCACTGTATG-3′, and 3′ nested primer 5′-GAGTTT-TGTCAAGGCTGGGGAG-3′ for AmphiSmad1/5/8; 5′ nested primer 5′-TGGTTGGAGGTGTGCTGTATAGTCTG-3′, 5′ primer 5′-GGGCGACTCTGTGTGTGGTTGGA-3′; 3′ primer 5′-CAGAGTTACTACCTGGACCGTGAG-3′, and 3′ nested primer 5′-CGGACTACCCACGACAGAGCATC-3′ for AmphiSmad4. Touchdown PCR was performed to increase specificity and reduce background. PCR products of expected size were subcloned and sequenced as above.
Sequence analyses and phylogenetic tree construction
The full length AmphiSmad1/5/8 and AmphiSmad4 cDNAs and their deduced amino acid sequences were analyzed by software Seqtools 8.0. All sequences generated were used to search for similarities using BLAST at web servers of the NCBI (http://www.ncbi.nlm.nih.gov). Additionally, a phylogenetic tree was constructed using the ClustalW 1.8 program and MEGA version 3.1. The neighbor-joining method was used to calculate the trees with 1000 bootstrap tests and gaps were handled with pairwise deletion.
Whole-mount in situ hybridization
Expression patterns of AmphiSmad1/5/8 and AmphiSmad4 were examined by whole-mount in situ hybridization on amphioxus embryos at differing developmental stages as described by Holland [13] . Primers were designed to amplify the poorly conserved linker region of AmphiSmad1/5/8 and AmphiSmad4 so as to increase specificity of the probes. The primers used for probe amplification were 5′-GGCT-AAGGACACCAAGGAAG-3′ (sense), 5′-GCGGTTATTC-AGTTCGTAGTA-3′ (antisense) for AmphiSmad1/5/8; 5′-CGACCTTTCTGGGCTGACATT-3′ (sense), 5′-CGAAG-TAGGCAATAGAACACCA-3′ (antisense) for AmphiSmad4. The 502 bp cDNA of AmphiSmad1/5/8 and 671 bp cDNA of AmphiSmad4 were amplified by designed primers. PCR products were subcloned into pGEM-T Easy Vector (Promega) and sequenced to confirm the inserted orientation. The templates were linearized and probes were synthesized by in vitro transcription using the DIG RNA Labeling Mix (Roche) following the manufacture's instructions. The hybridizations with the sense probes were used as controls. After in situ hybridization, the embryos were photographed as whole-mount. For histological examinations, some hybridized embryos were systematically cut into 6 μm histological sections after being doubly embedded in agar-paraffin.
Real-time PCR
Total RNAs of different developmental stage embryos and different adult tissues were prepared using TRIzol reagent (Invitrogen) in accordance with the manufacture's instructions. This was followed by DNase I (RNase free, Takara) treatment and repurification in order to eliminate the genomic contamination. The cDNAs were synthesized with the Superscript III reverse transcriptase (Invitrogen) using the oligo d(T) primer. After cDNA template quantification, real-time PCR was performed with the ABI PRISIM 7900 sequence detection system. SYBR green real-time PCR mix (Toyobo) was used for the PCR reaction, with primer concentrations of 200 nmol L −1 . The cytoplasmic β-actin gene of Chinese amphioxus was used as endogenous control to normalize the starting quantity of RNA. The primers used for such amplification were 5′-TGCCACATTTCCACAG-TCGTTCC-3′ (sense) and 5′-ATCTGTTCCTCGTTGTTC-CTGTTC-3′ (antisense) for AmphiSmad1/5/8; 5′-CTGTCT-ACACCACACTCAGTCTC-3′ (sense) and 5′-ATGCTCGG-ACCTGTTCTGTTCAG-3′ (antisense) for AmphiSmad4; 5′-ACAACCACCGCTGAGAGGGAAAT-3′ (sense) and 5′-CGAGGAAGGAAGGCTGGAAGAG-3′ (antisense) for actin. The size of the PCR products was 191 bp for AmphiSmad1/5/8, 104 bp for AmphiSmad4 and 202 bp for actin. All samples were run in triplicate for 4 min at 95°C, followed by 40 cycles of 30 s at 95°C, 30 s at 65°C, 1 min at 72°C. Standard curves were constructed for target genes and β-actin with two-fold serial dilutions of cDNA. The threshold cycles and fold inductions were calculated by the ABI PRISIM 7900HD SDS software.
Results
Sequence and phylogenetic analyses of AmphiSmad1/5/8 and AmphiSmad4
Both degenerate primer-based RT-PCR and RACE were performed, and two full length Smad cDNAs were identified from Chinese amphioxus. (Figure 1) . The phylogenetic tree showed that AmphiSmad1/5/8 and AmphiSmad4 might be the archetype of vertebrate related Smad proteins, and they probably originated from the duplication of a common ancestor gene after splitting from the plathyelminthes, arthropods and vertebrates.
Developmental expression of AmphiSmad1/5/8 and AmphiSmad4
The dynamic expression patterns of the AmphiSmad1/5/8 and AmphiSmad4 were investigated by whole-mount in situ hybridization and real-time PCR. AmphiSmad1/5/8 was detected in all early stage embryos. The transcripts were first detected during the cleavage stage, suggesting that they were maternally supplied (Figure 2A and B) . Thereafter, in the blastula stage, the expression decreased and became weakly detectable ( Figure 2C ). Then strong AmphiSmad1/5/8 transcripts were observed ubiquitously distributed throughout the early, mid and late gastrula stages, with a peak at the late gastrula stage ( Figure 2D and E). In the neurula stage, strong signals were detected in differentiating mesoderm and endoderm, especially in the developing myotomes and the wall of alimentary canal ( Figure 2G , K and O). In the late-neurula stage, the expression was downregulated in formed myotomes ( Figure 2K ). At 24 and 36 h knife-shaped larval stages, transcripts continued to be down-regulated in myotomes ( Figure 2L and M) . For the 48 h larva, the expression was not observed in the anterior part of the body and was restricted to the posterior ( Figure 2N ).
Similarly to AmphiSmad1/5/8, AmphiSmad4 was also provided maternally, and its transcripts were present before the onset of zygotic transcription ( Figure 3A-C) . In contrast to AmphiSmad1/5/8, AmphiSmad4 expression level diminished from the blastula stages and was hardly detectable in the gastrula stage ( Figure 3D and E) . However, the AmphiSmad4 expression increased in the early neural stage ( Figure 3F and G), and was detected in developing presumptive notochord, presomitic mesoderm and the differentiating alimentary canal. In the mid-neural stage, there were continuing transcriptions in alimentary canal, while the expression disappeared in the formed myotomes ( Figure  3H-J) . In the late neurula stage, transcripts were limited to the wall of alimentary canal ( Figure 3K and L) . At 72 h larval stage, the expression was down-regulated in the anterior part of the body ( Figure 3N ). In parallel, a similar pattern of temporal expression was observed by real-time PCR. AmphiSmad1/5/8 expression was detected in all early developmental stages ( Figure 4A) , and was most abundant at 5.5 (gastrula stage) and 8 h (early neurula stage), and then the expression was down-regulated at 11-24 h embryos. Compatible with the results of in situ hybridization, AmphiSmad4 was nearly undetectable at 5.5 (gastrula stage) and highly up-regulated at 8 h (early neurula stage), and then the expression level decreased gradually from 11 to 24 h embryos. These observations suggested that AmphiSmad1/5/8 and AmphiSmad4 may play an important role in the early development of amphioxus.
Tissue distribution of AmphiSmad1/5/8 and AmphiSmad4
To investigate the expression pattern of AmphiSmad1/5/8 and AmphiSmad4 among various tissues of the normal adult amphioxus, real-time PCR analysis was performed with gene specific primers. Our results indicated the extensive distribution of AmphiSmad1/5/8 and AmphiSmad4 in all tissues examined, including the gill, skin, muscle, notochord, spermary, ovary, and intestine ( Figure 4B) . However, the expression levels of the two genes significantly varied among different tissues. The expression of AmphiSmad1/5/8 was observed in all tissues examined, and was especially abundant in the notochord and gonad, but relatively weak in the skin and intestine. For AmphiSmad4, high expression levels were observed in all tissues investigated, particularly in the spermary, notochord and intestine.
Discussion
In the present study, we have cloned the full-length cDNAs of AmphiSmad1/5/8 and AmphiSmad4 from Chinese am- phioxus. To investigate the potential role of the Smad proteins during embryonic development and in the adult amphioxus, we examined the spatial and temporal expression patterns of AmphiSmad1/5/8 and AmphiSmad4 by in situ hybridization and real-time PCR. We focused on AmphiSmad1/5/8 and AmphiSmad4, because they are the archetypal signal transduction molecules of the BMP signaling pathway in invertebrates. There is increasing evidence that different kinds of Smad proteins play different roles during embryonic development, but the same family of Smad proteins may have conserved functions among different species. As to R-Smad, the two subgroups of Smad function differently. The level of Smad activation is critical in shaping the dorsal-ventral axis. Overexpression of Smad1 or Smad5 causes ventralized phenotypes in Xenopus embryos [14] [15] [16] , similar to the effects of BMP4. By contrast, Smad2 overexpression leads to dorsalization [14, 17] , similar to the effects of TGF-β or activin. The same ventralized/dorsalized embryos by Smad1 and Smad2 were observed in zebrafish [18] . In the current study, AmphiSmad1/5/8 showed a similar expression pattern as its homologs in vertebrates (Smad1, Smad5 and Smad8). The expression of AmphiSmad1/5/8 mRNA was conspicuous in the gastrula and neurula stages. After the neurula stage, the expression was down-regulated with a ventral expression pattern. As potential signal transducing molecules, Smad proteins are expected to be co-expressed with the BMP signaling molecules. Amphioxus BMP2/4 and BMP5-8 are co-expressed throughout the vegetal plate, and become down-regulated in the dorsal axial mesoderm. Similarly, in amphioxus, the BMP modulators BMP and activin membrane-bound inhibitor (BAMBI) and Tolloidlike are expressed ventrally [19, 20] . Expression of AmphiBMP2/4 was also detected in the inner layer, especially in the primitive gut and the somitocoelomic system [21] . The expression pattern is consistent with a role for AmphiSmad1/5/8 in transduction of BMP signal and specification of the dorsal-ventral axis of amphioxus.
Smad4 is believed to be an essential factor that mediates all members of TGF-β superfamily. As the only Co-Smad identified so far in most species, Smad4 was shown to be able to function as a common coordinator of various R-Smad, and it was ubiquitously expressed during development [22] [23] [24] [25] . However, AmphiSmad4 showed a different expression pattern in amphioxus. It was highly expressed in neurula but not in gastrula stage embryos. After the neurula stage, the expression was down-regulated and had a ventral pattern. These results probably indicate that there is another Smad4 that functions as Co-Smad in amphioxus, which may result from the duplication specific to this cephalochordate. Actually, two Smad4s have been identified in Xenopus (XSmad4α and XSmad4β). Both XSmad4s are able to function as Co-Smad and show distinct developmental expression patterns in the early embryos. Moreover, XSmad4β was proved to be able to induce ventralization, but XSmad4α unable [26, 27] . In addition, four types of Smad4 have been isolated from the common carp, and the different expression patterns of these four types of cSmad4 in different tissues of carp show that each cSmad4 has its own function [28] . However, no further research has been pursued for the Co-Smad proteins, so whether two or more Co-Smad exist in other species remains an intriguing question up to now. More studies are necessary to evaluate the functions of the different types of Co-Smad.
Smad proteins may have important roles in embryogenesis but roles in later development processes and in the adult have not been defined. In normal adult amphioxus, real-time PCR results indicated the extensive distribution of AmphiSmad1/5/8 and AmphiSmad4 in all adult tissues examined. AmphiSmad4 was abundantly expressed in all tissues, particularly in the spermary, notochord and intestine. By contrast, the expression of AmphiSmad1/5/8 varied greatly among different tissues, and was especially abundant in the notochord and gonad with a relatively low level in the skin and intestine. We noted that AmphiSmad1/5/8 and AmphiSmad4 were more highly expressed in most adult tissues compared with embryos. The different spatial expression patterns of AmphiSmad1/5/8 and AmphiSmad4 in the adult amphioxus may mean that these two genes also play important roles in the morphogenesis of a variety of tissues, especially the notochord and the gonad. The expression patterns agree well with the data showing widespread expression of Smad genes in different adult tissues of the vertebrate [24, 29] . In comparison, vertebrate Smad genes are expressed in several vertebrate-specific structures, including kidney, heart, neural crest, and limb buds [30] [31] [32] [33] . Thus the evolutionary and developmental biology study of Smad gene family of amphioxus will help to elucidate the homology of the body plan between amphioxus and vertebrates, and it will also shed light on the origin and evolution of new structures arising during vertebrate evolution.
From the above data we conclude that AmphiSmad1 and AmphiSmad4 have some conserved functions of Smad family proteins but with a relatively simple function contrasting to their homologues in vertebrates. On the other hand, the Smad signal pathway is conserved between invertebrates and vertebrates, and the composition of the signal pathway and function of the related genes become complicated with the evolution. The data presented herein significantly broaden our knowledge of Smad factors in amphioxus and will facilitate studies on TGF-β regulated genes in amphioxus as well as other species.
